Abstract Activation-induced deoxycytidine deaminase (AID) and Apobec 3G (Apo3G) cause mutational diversity by initiating mutations on regions of single-stranded (ss) DNA. Expressed in B cells, AID deaminates C ? U in actively transcribed immunoglobulin (Ig) variable and switch regions to initiate the somatic hypermutation (SHM) and class switch recombination (CSR) that are essential for antibody diversity. Apo3G expressed in T cells catalyzes C deaminations on reverse transcribed cDNA causing HIV-1 retroviral inactivation. When operating properly, AID-and Apo3G-initiated mutations boost human fitness. Yet, both enzymes are potentially powerful somatic cell ''mutators''. Loss of regulated expression and proper genome targeting can cause human cancer. Here, we review well-established biological roles of AID and Apo3G. We provide a synopsis of AID partnering proteins during SHM and CSR, and describe how an Apo2 crystal structure provides ''surrogate'' insight for AID and Apo3G biochemical behavior. However, large gaps remain in our understanding of how dC deaminases search ssDNA to identify trinucleotide motifs to deaminate. We discuss two recent methods to analyze ssDNA scanning and deamination. Apo3G scanning and deamination is visualized in real-time using single-molecule FRET, and AID deamination efficiencies are determined with a random walk analysis. AID and Apo3G encounter many candidate deamination sites while scanning ssDNA. Generating mutational diversity is a principal aim of AID and an important ancillary property of Apo3G. Success seems likely to involve hit and miss deamination motif targeting, biased strongly toward miss.
Introduction
A seemingly endless array of antigens ready to attack susceptible hosts engendered the development of powerful immune systems in mammals. To counteract foreign invasion, the immune system is able to detect and neutralize antigens using a repertoire of about a trillion immunoglobulin (Ig) antibody variants produced in B cells during a humoral immune response [1] . These vast numbers of Ig variants ensure that at least one antibody is available to recognize virtually any invading antigen. Antibody diversification is achieved by three processes: V(D)J recombination, somatic hypermutation (SHM), and class switch recombination (CSR). During V(D)J recombination variable (V), diverse (D) and joining (J) segments of the Ig gene randomly recombine to generate low affinity antibodies [2] . When an antigen is recognized, B cells undergo affinity maturation via SHM. SHM is characterized by an exceptionally high mutation rate of *10 -3 to 10 -4 /base pair/cell division within the V(D)J rearranged Ig
Electronic supplementary material The online version of this article (doi:10.1007/s00018-012-1212-1) contains supplementary material, which is available to authorized users.
genes ( Fig. 1 ) [3, 4] . CSR is a unique recombination event in which the Ig heavy chain Cl region (coding for an IgM antibody) is replaced with a downstream C region, Cc, Ca, or Ce ( Fig. 1 ) to produce IgG, IgA or IgE antibody isotypes [5] . Activation-induced deoxycytidine deaminase (AID) is a B cell-specific protein required for both SHM and CSR [6, 7] . Upon antigen encounter, AID is upregulated and recruited to actively transcribed variable (V) and switch (S) regions of the Ig loci initiating SHM and CSR in activated germinal center (GC) B cells [4, 5] . In V regions, AID deaminates multiple cytosine (C) bases on single-stranded regions of DNA creating uracils that are then processed by error-prone replication, base excision repair (BER), and mismatch repair (MMR) to create the diversity seen in SHM (reviewed in [4, [8] [9] [10] ). In CSR, deamination by AID initiates double-strand breaks in S regions forming substrates for non-homologous end-joining that transform IgM-producing cells into B cells that make the IgG, IgA, or IgE isotypes (reviewed in [5, 11] ) (Fig. 1) .
AID belongs to an APOBEC family of polynucleotide deaminases that can act on ssDNA or RNA substrates. For example, Apo1 is essential for regulation of apolipoprotein B expression through C ? U deamination editing of its mRNA. APOBEC proteins (Apo3A-H) provide innate resistance against retroviruses and endogenous retroelements [12, 13] , including Apo3G that restricts HIV-1 replication in the absence of the viral infectivity factor (vif) [14] . In T cells, Apo3G deaminates C residues on HIV-1 reverse transcribed cDNA (Fig. 2) [15] .
Although AID and Apo3G have different functions and targets in B and T immune cells, both enzymes exhibit processive behavior on ssDNA substrates. Processive behavior occurs when a single AID or Apo3G enzyme molecule (present as a monomer, dimer, or perhaps multimer) catalyzes multiple C ? U deaminations on an ssDNA substrate prior to acting on a different substrate [16] [17] [18] [19] [20] . Since AID and Apo3G are essential proteins for adaptive and innate immunity, deciphering the biochemical properties that regulate their action during SHM, CSR, and restriction of HIV-1virus is essential.
There have been recent reviews in the literature placing human, mouse, chicken, and cell lines data on AID-induced mutations in broad biological and immunological perspective, see, e.g., [4, [9] [10] [11] 21 , 22], and we will briefly summarize these. We will mainly concentrate on the action of AID and Apo3G on ssDNA, which involves scanning to locate deamination motifs and ensuing catalysis. There is a large amount of biochemical mechanistic information available on scanning and catalysis by enzymes that act on dsDNA, e.g., DNA glycosylases [23] [24] [25] [26] [27] [28] [29] , and restriction endonucleases [30] [31] [32] [33] . Far less is known about scanning and catalysis by enzymes that scan ssDNA such as the APOBEC family enzymes, AID and Apo3G.
In this review, we will discuss recent advances made in the areas of global AID targeting, which include the targeting of Ig V-and S-regions, and the inadvertent and potentially deleterious targeting of other regions of the B cell genome. We will also discuss the application of structural data from Apo2 to the functional properties of AID and Apo3G. However, our principal aim is to highlight the newly emerging field of ssDNA targeting and scanning enzymes, including the application of singlemolecule microscopy to visualize the motion of APOBEC enzymes on ssDNA in real-time, and random walk modeling to analyze clonal deamination patterns and deamination efficiencies. Enzymes that scan dsDNA have evolved as high efficiency catalysts, designed to ensure the absence of mutations. We will address the possibility that enzymes that scan ssDNA have evolved as low efficiency catalysts, designed to ensure mutational diversity.
Targeting of AID to V and S regions of Ig

AID site-specific targeting in B cells
Under normal conditions, high levels of AID expression are tightly regulated and primarily localized to activated B cells in GCs [6] . Mice and humans that are deficient in AID fail to class switch and cannot produce high affinity antibodies [7, 34] . Although SHM and CSR are mechanistically distinct processes, both are initiated by AID-catalyzed C ? U deamination at Ig V and S regions undergoing active transcription [16, [35] [36] [37] [38] [39] [40] . Error-prone DNA repair (BER and MMR) or replication of G:U mispairs in V regions produce SHM [10] (Fig. 1) . In contrast, repair in S regions leads to DNA double-stranded breaks required for CSR [5, 10, 41] . Direct AID action in GC B cells have been observed as high
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Fig. 2 Apo3G-dependent restriction of HIV-1. Apo3G is encapsidated into Vif-deficient (Dvif) HIV-1 virions. Upon infection, Apo3G enters the cytoplasm of the targeted T cell and deaminates multiple C on the HIV-1 reverse transcribed minus (-) cDNA strand creating a massive number of U residues. Synthesis of the (?) strand, using U as templates, introduces hypermutation in essential genes, effectively inactivating HIV-1 infectivity. Alternatively, abasic sites resulted from the removal of U by the cellular enzyme, uracil DNA glycosylase, could inhibit the synthesis of the HIV-1 (?) strand cDNA or could serve as substrates for apurinic-apyrimidinic endonucleases leading to degradation of the cDNA reverse transcribed intermediate AID and Apobec3G haphazard deamination and mutational diversity 3091 frequency G:C ? A:T transition mutations in the V and S regions in mice that are deficient in both BER and MMR (ung
. Analysis of mutations in V regions revealed that AID targets WRC hot motifs (W = A/T, R = A/G) on both DNA strands, and that SHM mutations start at about 100-200 bp downstream from a transcription initiation site, gradually decaying to zero 1.5-2 kb downstream prior to reaching intronic enhancer and C regions [42, 43] . AID-initiated mutations in S regions begin *150 bp after the S region germline promoter initiation site, continuing throughout the entire 2-12 kb S region sequence, deaminating both strands of DNA [44] .
Although AID acts principally in SHM and CSR, it has also been reported to initiate ''inadvertent'' mutations at numerous non-Ig loci. [54] has raised objections regarding the ChIP-Seq statistical analysis that disputes not only the association of AID with ''non-targeted'' genes but also disagrees with an earlier ChIP-Seq finding that AID is preferentially bound at stalled promoter sites [55] . In response to these objections, Yamane et al. [56] have provided a variety of counter arguments supporting AID ''off-targeting''. These currently contentious issues regarding inadvertent action of AID, and more generally other Apobec deaminases, are both timely and obviously vital, since they impact directly on the potential for misdirected Apobecs to cause disease. And, although we do not have a ''dog in this fight'', as intellectually engaged spectators we are rooting for a rapid and unambiguous resolution.
In GC B cells, AID targeting occurs in the 3 0 regulatory regions of the Ig locus [57] that contains 11 switch-like sequences 0.5-1 kb long. AID can mutate this region with high frequency leading to ''suicide recombination'' between the Sl switch and 3 0 regulatory regions resulting in deletion of the entire C gene and elimination of B cell receptor expression [57] . Also, AID targeting to non-Ig sites has been implicated as a source of genomic instability in cancer cells where deamination leads to mutations that initiate double-stranded breaks in non-Ig genes that serve as substrates for translocation or gene deletion in mature B cell lymphomas [58] . AID has also been reported to act at 5 0 regulatory regions of proto-oncogenes to alter their transcription activities potentially contributing to B cell malignant transformation [59] . In BL2 cells that overexpress AID, there are genes with short clustered repeat sequences containing WRC motifs, e.g., SNHG3, MALAT1, BCL7A, and CUX1, that have features common to V and S regions and are heavily mutated with frequencies comparable to SHM at IgV regions (2.2 9 10 -4 to 6.1 9 10 -4 ) [60]. Therefore, AID can act on non-Ig loci, yet, even allowing for the controversy mentioned in the previous paragraph, it is nonetheless clear that endogenous AID targeting during SHM and CSR is typically 10-to 100-fold more efficient at V and S regions compared to at non-Ig genes [47] [48] [49] .
Transcription is required for AID targeting AID is not active on dsDNA but deaminates actively transcribed DNA in vivo and in vitro [16, [36] [37] [38] [39] [40] . Transcription generates regions of ssDNA on the non-transcribed strand that can be targeted by AID. The relationship between active transcription and SHM was first observed in studies connecting the distribution of mutations in the V region with the Ig gene promoter [61] [62] [63] . Mutations in the IgV region always began *150 bp downstream of the promoter [62, 63] , ending about 1.5-2 kb further downstream, and stopping prior to reaching the C region regardless of which Jj gene segment was rearranged [62, 64, 65] . Another critical finding came by inserting a promoter upstream of the C region. In this transgenic Igk construct, SHM occurs in the C region at similar levels as previously observed in V regions [66, 67] . When a V H promoter was moved 750 bp upstream of its normal location, the pattern of SHM shifted to non-Ig DNA that was inserted into the V H leader intron used to make the transgene [68] . Transcription levels of the Ig transgenes showed a strong correlation with levels of SHM [69] [70] [71] . Finally, a study examining the structure of IgV H regions in human B cell lines undergoing SHM identified multiple ssDNA patches averaging *11 nt long on both DNA strands [72] . Active transcription in conjunction with DNA-associated proteins is required for the detection of ssDNA patches thus expanding the link between SHM and transcription [72] . Mutations are found on both strands of DNA in V regions with about equal frequency, so AID must gain access, possibly through bidirectional transcription [73] , recruitment of an exosome complex to the transcription bubble [74] , or through negative supercoiling that unwinds DNA during stalled transcription [75] .
AID-initiated mutations of S regions for CSR also require active transcription. When primary B cells are stimulated with cytokines, germline transcripts are produced that originate from the Sl promoter (I) and a corresponding acceptor S region promoter for each specific IgE, IgA, and IgG antibody isotype (Fig. 1) [5] . For example, the germline transcripts IgE, IgG2b, and IgG3 are correlated with induced switching of IgE, IgG2b, and IgG3, respectively [76] [77] [78] . When germline promoters are deleted, CSR is aborted [79, 80] . One unique feature of transcribed S-regions is their ability to create R-loops that form when RNA is transcribed from G-rich S regions to create stable RNA-DNA hybrids with the C-rich template strand leaving an exposed G-rich ssDNA [81, 82] . Although CSR is affected by the presence and location of R-loops in the Sl region [81] , the targeting of AID to S regions is not nearly as pronounced, as shown in ung -/-msh2 -/-mice that exhibit no bias for R-loopforming regions [44] , and CSR is still observed in mouse B cells when the Sc1 locus is replaced by a Xenopus A:T-rich Sl region [83] .
cis-and trans-factors involved in the regulation of AID targeting The large majority of transcribed genes in B cells have at most sporadic association with AID [53], with typically negative consequences, so factors other than transcription must be important for targeting AID to Ig loci. Since AID is targeted to particular regions of DNA during SHM and CSR ( Fig. 1 ), experiments were designed to determine if a cis-DNA element within the V region is required. In studies using transgenic mice, substitution of the endogenous V sequence with unrelated DNA, e.g., neomycin-resistance or b-globin sequences, did not affect SHM in B cells [61, 84] . Consistent with the absence of a cis-targeting element within a V region, purified AID appears to target V-and non-V-DNA (e.g., lacZ) with similar efficiency in vitro [85] . There is no evidence that the presence of specific cisacting elements are responsible for the recruitment of AID to S-regions [86, 87] . Nevertheless, the unique feature of multiple G-rich repetitive motifs could recruit a 5 0 -AGCT-3 0 repeat-binding protein, known as the 14-3-3 adaptor protein, to attract AID through protein-protein interaction [88] , and S region sequences could enhance AID access through the formation of DNA secondary structure, such as R-loops or G-quartets that contain transient ssDNA regions [89] .
An examination of DNA regions surrounding Ig loci have shown that cis-acting elements, such as the intronic enhancer (iE) and the 3 0 intronic enhancers (3 0 E), are involved in both positive and negative regulation of SHM and CSR [61, [90] [91] [92] [93] [94] [95] . The potential role of enhancers in AID targeting is difficult to dissect because transcription is required for AID-induced mutations so that any changes in cis-acting sequences that decrease transcription will also decrease AID targeting. Nevertheless, the presence of two or three E-box motifs (CAGGTG) within the Ig enhancers is sufficient to target AID to a nearby transcribed transgene in B cells without altering the rate of transcription [96, 97] .
The E47 spliced isoform of the transcription factor E2A binds the E-box motif in the nuclear extract of hypermutating B cells [97] . Although conditional inactivation of E2A in transgenic mice did not have an effect on SHM and CSR, its overexpression enhanced AID targeting in chicken DT40 cells [98, 99] . The mechanism of E-box-mediated targeting to V and S regions is not clear, but the importance of E-box motifs in AID targeting is reinforced by their presence in ''hyper''-mutated non-Ig genes in activated B cells in normal mice [47] and in T cell lymphomas in AID transgenic mice [52] .
AID can target non-Ig genes, including itself [17, 39, 75, 85, 100, 101] , and has similar ssDNA binding constants regardless of the presence of C [102, 103] , suggesting that AID is not recruited to a specific Ig enhancer DNA sequence. Ig enhancers are likely used to recruit proteins that can interact with and target AID to V and S regions. Possible AID-interacting targeting partners include RNA polymerase II [104] , transcription pausing factor Spt5, transcription repressor KAP1/Trim28 [105] , UNG, and mismatch repair MSH2/MSH6 complex [106] , RNA exosome subunits [74] , a number of proteins involved in RNA processing CTNNBL1 [107] , PTBP2 [108] , SRSF1 [109] , GANP [110] , RPA [111] , DNA-PKcs [112] , and Protein Kinase A [113] . This impressive list in terms of length and breadth offers challenging opportunities for future biochemical studies.
In activated B cells, AID genome-wide occupancy is correlated with RNA pol II distribution [53] . AID interacts and colocalizes with the transcription pausing factor Spt5 [55] and RNA exosome complex [74] . These interactions suggest that AID could be recruited to the stalled transcription bubbles to deaminate both transcribed and nontranscribed strands [74] . The molecular mechanisms responsible for targeting AID to specific regions of the genome in B cells are not clear. Proteins, such as 14-3-3 [88], KAP1 [105] , UNG, and the MSH2/MSH6 complex [106] were found to interact with AID specifically at S regions, and SRSF1 [109] , and GANP [110] appear to target AID to V-regions. Chromatin structure at V and S regions, regulated through epigenetic modification of histones, can play an important role in the targeting of AID [114] , since both positioning and stability of nucleosomes at IgV regions were shown to affect AID-initiated SHM patterns [115] .
Apo3G targets HIV-1 in T cells
Apo3G is a deoxycytidine deaminase that restricts HIV-1 infection in T cells in the absence of the viral infectivity factor (vif), a protein that targets Apo3G for polyubiquitination and proteasomal degradation [14, 116] . Through interactions with the nucleopcapsid domain of the viral Gag protein and RNA from the HIV-1 virus and cell cytoplasm, Apo3G can be encapsulated into HIV-1Dvif virus particles and transported to a naive T cell [117] [118] [119] [120] [121] [122] [123] [124] [125] [126] [127] [128] [129] [130] . Upon infection, Apo3G is released into the cytoplasm inhibiting HIV-1 replication by deaminating C ? U throughout the viral minus (-) reverse transcribed cDNA (Fig. 2 ) [131] [132] [133] . The U-rich (-) cDNA is used as a template for (?) strand DNA synthesis, where A is inserted opposite U to generate potentially detrimental C ? T mutations, especially in regions needed for HIV-1 replication [132, [134] [135] [136] . Although the U-rich viral cDNA could be degraded by the combined action of cellular uracil DNA glycosylases (UDG) and apurinic/apyrimidinic endonuclease [137] , recent data argue against a role for UDG in viral restriction [138] [139] [140] . In cells that overexpress Apo3G, deamination-independent mechanisms for HIV-1 restriction have been observed, which could involve a blockage of reverse transcription, an inhibition of (?) strand DNA synthesis, or perhaps the elimination of proviral formation [141, 142] . However, non-catalytic viral restriction has only been observed to date when Apo3G is present at elevated levels in T cells. Deamination activity appears to be required for viral inactivation when Apo3G is expressed normally in T cells [143] [144] [145] .
The deamination activity signatures of Apo3G and other APOBEC proteins have also been identified in locations outside their designated targets [146, 147] . Apo3G appears to be involved in hepatic metastasis of colorectal cancer [146] , and the sequence analysis of the complete genomes of 21 breast cancers showed the presence of hypermutated regions where base substitutions were found almost exclusively at TpC dinucleotides, reflecting APOBEC deamination specificity [147] .
Biochemical properties and structural features of AID and APOBEC proteins
Structural studies of deoxycytidine deaminases and HIGM-2 mutants
The APOBEC family consists of 11 members, all characterized by the presence of either one or two deaminase domains (Fig. 3a) . Each domain contains a unique Zn 2? coordinating motif (X-Glu-X 23-28 -Pro-Cys-X 2-4 -Cys) [15, 148, 149] . There are four high-resolution crystal structures for APOBEC proteins, one of Apo2 (amino acids 41-224), whose structure was determined to be a rod-shaped tetramer ( Fig. 3b) , two for the catalytic C-terminal domain of Apo3G (Apo3G-CD2) (amino acids 197-380 or 191-384) (Fig. 3c) , and one for Apo3C [150] [151] [152] [153] . The structure of Apo3G-CD2 has also been solved using NMR [154] [155] [156] . A core structure, characteristic of APOBEC proteins, is preserved throughout the family, although there are differences between the Apo3G-CD2 structures (reviewed in [157, 158] ). For example, the crystal structure of Apo3G-CD2 mutant (PDB number 3IR2) has a discontinuous b2 strand where residues L235 to R239 form a bulge that is not present in the native Apo3G-CD2 structure (PDB number 3E1U). Among the Apo3G-CD2 structures, there are also differences in the positions of active center loops 1 and 3 and the position of helix 1 [150, 152, [154] [155] [156] . These structural differences may arise from different mutations introduced into the crystallized protein that may influence the final folding of the CD2 domain or perhaps from different protein packing within the crystal. What is needed is a full-length crystal structure of native Apo3G.
AID is notoriously difficult to obtain in high yields when expressed and purified from B cells and baculovirusinfected insect cells. Human AID can be isolated from Escherichia coli in high yield, but its specific activity is reduced by *50-fold compared to baculovirus-expressed AID [159] . Once isolated from any source, AID has proven difficult to purify-it figuratively sticks to ''everything'', possibly owing to the presence of a highly localized positive charge (?11) in its N-terminal region. Thus, not surprisingly, there is as yet no crystal structure for AID. Nevertheless, the high amino acid sequence homology within the APOBEC family ( Fig. 3e) for the Apo2 and Apo3G-CD2 structures can be used to model (Fig. 3d) , predict, and evaluate deamination activities for wild-type and mutant AID [103, 151] .
In the crystal structures of Apo2 and Apo3G-CD2, a common b-sheet core, consisting of five b-strands (b1-5), surrounded by six a-helices (a1-6) was observed (Fig. 3b , c) [150, 151] . The structures overlap significantly. Differences in the two structures, such as the position and lengths of the active center loops 1 and 3, most likely reflect the difference in biochemical properties of the enzymes. The active site of Apo2 and Apo3G-CD2 contains a histidine and two cysteine residues involved in the coordination of a Zn molecule (Cys128, Cys131, His98 for Apo2 and Cys288, Cys291, His257 for Apo3G) (Fig. 3b, c) . Catalysis for Apo3G depends on a water molecule serving as a hydrogen donor to a conserved glutamate residue (E259) that acts as a proton shuffler during the hydrolytic deamination reaction. No activity has been detected for Apo2, yet a water molecule is present in the structure, while a fourth Zn coordination bond provided by E60 replaces the water molecule in the inner monomers of the tetramer [151] .
Mutations made to any of the conserved residues in the active site of AID (E58, H56, C87, or C90), produced a catalytically inactive enzyme [21, 103, 160, 161] . The motif specificity of APOBEC proteins is determined by 9-11 amino acids in loop 7, designated as the ''specificity loop'' (Fig. 3c, e) . It is thought that the amino acids in the coordinating deoxycytidine/cytidine deaminase domain, whereas four other members are double-domain deaminases. The N-terminal domain (CD1) of Apo3G, Apo3F, and Apo3DE is inactive while the C-terminal domain (CD2) is catalytically active. b The crystal structure of Apo2 tetramer (Protein Data Bank 2NYT). Head-to-head interaction of two Apo2 dimers is mediated by tetramer interface amino acid residues of a-helix 6, active center loop1, and flexible loop 7. The Apo2 dimer is formed by combining two b2 strands to make one wide b-sheet structure (indicated by arrow). Each monomer is highlighted in a different color. The monomer active site residues C128, C131, and H98 (red) coordinate Zn 2? molecule (red). c The crystal structure of the Apo3G-CD2 (Protein Data Bank 3E1U). The a-helixes are marked in blue and b-strands in pink. The C288, C291, and H257 (red) coordinate Zn 2? molecule (red), whereas E259 (red) acts as a proton shuffler during the hydrolytic deamination reaction. d The AID model was generated using Apo3G-CD2 as a template. Active site residues H56, E58, C87, and C90 (red) are important for catalysis. H56, C87, and C90 are involved in coordinating the Zn ion (red sphere) while E58 is involved in proton shuffling. Predicted residues at the dimeric and tetrameric interfaces are indicated by arrows. e Alignment of AID, Apo3G-CD2, and Apo2. HIGM-2 base substitution mutations and C-terminal deletion mutations are indicated on the top. The amino acids from the protein active site necessary for catalysis are marked in red. The specificity loop is marked in red both in the Apo3G-CD2 structure and amino acid alignment AID and Apobec3G haphazard deamination and mutational diversity 3095 specificity loop interact with ssDNA through electrostatic, hydrophobic, or base stacking interactions [157] . The favored specificities for each APOBEC (e.g., WRC for AID and CCC for Apo3G) are specified by differences in specificity loops [150, 154, 162] . A swap of specificity loops for AID, Apo3G, and Apo3F resulted in a concomitant swap of deamination specificities [163, 164] that switched the specificity of the chimeric protein to that of the donor enzyme [163, 164] . The AID chimeric proteins in DT40 and mouse B cell lines were observed to depress CSR [164, 165] , while concomitantly altering the V-gene mutation spectra and reducing the mutation frequency in complementarity-determining regions [164, 165] . Therefore, while not absolutely necessary, WRC motif targeting is nonetheless functionally important. The biological effects were less pronounced for chimeric Apo3G and Apo3F where the change in C deamination specificities did not prevent the restriction of HIV-1 infectivity [164] .
Multiple forms of AID and Apo3G in aqueous solution APOBEC proteins have been identified in solution as monomers, dimers, and higher order oligomers. The role of oligomerization on biological function has not been determined, although it has been suggested that dimerization of Apo3G is important for RNA-dependent incorporation of the enzyme into the HIV-1 budding virons [118, 120, 123, 126, 166] . Size exclusion chromatography has shown that human Apo2 protein in solution is present as a mix of dimers and tetramers [151] . The crystal structure of Apo2 was determined to be a rod-shaped tetramer with a unique butterfly-like shape formed by pairing two dimers in a headto-head interaction via residues from h6, AC-loop1, and a flexible loop (Loop 7) connected to h4 on two inner monomers (Fig. 3b) . The Apo2 dimer is formed by combining two b2 strands to make one wide b-sheet structure (Fig. 3b) . Experimental studies using various analytical approaches show that AID is present in solution as a monomer [167] , tetramer [161] , or multimer (''pull-down'' assay) [168] . Atomic force microscopy (AFM) showed that AID in the presence of ssDNA appears to be a monomer [167] . Nevertheless, the effect that oligomerization has on the activity of AID is not clear. An informative result was obtained when amino acids corresponding to the Apo2 dimer (F46, Y48) and tetramer interfaces (R112, L113, N168) were mutated in AID (Fig. 3d) , which resulted in a reduction or elimination of activity [103, 151] . Apo3G is also a mix of monomers, dimers, and higher order oligomers as shown by AFM; however, the composition of Apo3G dramatically changes in the presence of ssDNA and salt [19, 20, 169, 170] . The monomeric Apo3G F/W mutant (F126A/W127A) that interferes with head-to-head dimerization retains many of the salient biochemical properties observed in the native protein, such as enzyme-specific activity, high processivity, lengthy residence time on ssDNA, which can be approximately several minutes, and strong 3 0 ? 5 0 deamination polarity [18] [19] [20] 169] . But there are many additional unknowns for Apo3G, such as scanning motion on ssDNA that might involve sliding, hopping, jumping, or intersegmental transfer [18, 29, [171] [172] [173] [174] , all of which may be amenable to analysis by single-molecule laser and atomic force microscopy techniques (see, e.g., [170, [174] [175] [176] ). Given that AID and Apo3G as well as other APOBEC family members can likely exist in solution in a variety of oligomeric states, it will be important to characterize each oligomer form using physical biochemical techniques and to identify their biological roles.
Physiological and structural aspects of Hyper-IgM-2 (HIGM-2) syndrome
Hyper-IgM syndrome (HIGM) is a heterogeneous genetic immunodeficiency disorder characterized by normal or high serum levels of IgM and the absence of or decreased levels of IgG, IgA, and IgE antibodies [34, 177] . HIGM syndromes are identified by defects in factors important for proper antibody diversification [177] , such as HIGM-1, the first HIGM syndrome discovered, which is an X-linked disorder caused by mutations in the gene encoding CD40 ligand (CD40L/CD154), a protein transiently expressed on the surface of activated T cells [178] [179] [180] [181] [182] . In HIGM-2 syndrome, all defects are caused by mutations in AID. The clinical features are well characterized with at least 39 different mutations discovered in the AID gene so far [5, 22, 34, [183] [184] [185] . Most mutations are autosomal recessive, where patients develop deficiencies in CSR and SHM and exhibit high susceptibility to bacterial infections mostly in the upper respiratory and digestive tracts [34, 186, 187] .
A total of 23 different missense mutations have been identified located at 20 distinct loci (Fig. 3e) [103] . A few rare autosomal dominant HIGM-2 patients appear to have normal SHM but are defective in CSR [168, 188] . Two autosomal dominant HIGM-2 mutations result in C-terminal deletions lacking 9 and 17 amino acids, respectively (Fig. 3e) [168, 188] . The inability of the C-terminal deletion mutants to initiate CSR indicates that the C-terminal region is necessary for binding factors that target AID to the Ig switch regions [88, 106, 112] . AID mutants made in vitro with 18 or fewer C-terminal amino acids deleted are catalytically active and act with high processivity, with DC 10 and DC 15 having 2-to 3-fold higher specific activities than native AID [103, 189] . Higher activity of the C-terminal deletion mutants have been found to correlate with an increase in mutagenic activity at V regions in B cells [168, 189] . An in vitro biochemical assay showed that a deletion of 19 C-terminal amino acids of AID completely inactivates its deamination activity [103] . The structural model (Fig. 3d) shows that C-terminal amino-acids 165-180 form a-helix 6, suggesting that the entire helix 6 is required for the structural integrity of the core deaminase domain of AID [103] . AID ''up-mutants'' created in vitro by PCR mutagenesis [190] have mutations distributed over the entire gene resulting in increased specific activity. Mutations were found in residues that are implicated in AID/substrate interaction (e.g., T82I, K120R) and several that bring the sequence of AID closer to that of APOBEC3s (e.g., K34E and F115Y). Using a chicken DT40 B cell line, it was shown that AID up-mutants increased antibody diversification, but they also increased the frequency of chromosomal translocations, suggesting that AID specific activity may need to be tightly regulated in B cells.
Recently, the high-resolution crystal structures for Apo2 and Apo3G-CD2 have been used to predict how mutations in the conserved corresponding residues of AID impair enzyme function [103, 151] . The HIGM-2 mutations are spread over the entire AID gene (Fig. 3d, e) [34, 103, 168, 183] . Based on structural analysis, the HIGM-2 missense mutants were placed into three classes [103] . Mutants belonging to Class I, the catalysis class, have mutations in the active site of the enzyme (H56Y, E58K, C87R, C87S). As predicted, these mutants have no detectable activity, which is attributed to defects in Zn molecule coordination and proton shuffling necessary for C deamination [103, 151] . The Class II proteins contain eight mutants (R24W, S83P, S85N, A111E, R112C, R112H, L113P, R174S) that are suggested to alter interactions with ssDNA; these mutations are either on or near the predicted surface of AID. Two mutants from this class, R112C and R174S, are still catalytically active and bind ssDNA but with reduced affinity. Class III structural mutants (M6T, F11L, F15L, W80R, L98R, L106P, I136K, M139K, M139V, F151S, S43P) have mostly hydrophobic residues located inside the AID protein that might be necessary for proper folding of the enzyme. In summary, the structural analysis of AID mutants responsible for HIGM-2 indicates that not only is maintaining the structural integrity of AID important for proper substrate binding and deamination but it is also essential for immunological function.
Activity and Specificity of AID and Apo3G on ssDNA AID deaminates C ? U on ssDNA favoring 5 0 WRC (W = A/T, R = A/G) hot motifs [16, 191] . Preference for 5 0 WRC motifs, mimicking in vivo data, was first observed in an in vitro plaque assay where a lacZ reporter gene was inserted into circular M13mp2 DNA leaving a 365-nt ss gap [16] . After treatment with purified AID, deamination is detected as C ? T mutations in the DNA of phage particles. Though 5 0 WRC hot motifs are favored, 5 0 SYC cold (S = A/G, Y = C/T) motifs are also deaminated by AID but with reduced (*5-to 10-fold) activity [16, 191] . The APOBEC protein, Apo3G also deaminates C ? U on ssDNA, but favors 5 0 CCC target motifs with a preference for the 3 0 C, and its specific activity is strongly influenced by nucleotides surrounding the 5 0 CCC target motif [18, 133, 135, 192, 193] . The importance of surrounding nucleotides is illustrated by a 40-fold reduction in Apo3G specific activity when the extended 5 0 aaaCCCaaa motif is replaced by 5 0 tttCCCttt [20] . Neither AID nor Apo3G show activity on dsDNA or RNA substrates [18, 129, 194] .
When acting on a model ssDNA substrate with two deamination motifs, AID deaminates both motifs with equal efficiency, whereas Apo3G deaminates the 5 0 motif preferentially over the 3 0 motif (Fig. 4a ) [18] [19] [20] 159] . Mutational gradients consistent with the properties of Apo3G described above have been observed in the HIV-1 genome at two polypurine tracts that remain single-stranded on cDNA for an extended period of time [133, 192] . Directional deamination in vitro occurs in the absence of an external energy source (e.g., ATP or GTP) [18] , and so deamination polarity cannot be caused by preferential motion of Apo3G in a 3 0 ? 5 0 direction, but must instead result from a catalytic asymmetry determined by the structure of Apo3G. Apo3G contains two deaminase domains, a catalytically inactive N-region CD1 domain and a catalytically active C-region CD2 domain (Fig. 3a) [128] .
A model proposed to explain favored 5 0 -deamination is that Apo3G can bind in two orientations, but that Apo3G is active mainly, perhaps even solely, when bound with CD2 facing the 5 0 -end of the ssDNA (Fig. 4b) [19, 176] . As a consequence, there should be a deamination ''dead zone'' when catalytically inactive CD1 binds at the 3 0 -end (Fig. 4b) . A 3 0 dead zone spanning *30 nt is observed when Apo3G acts on ssDNA in vitro [19, 20, 176] . Binding with CD1 facing the 5 0 -end would allow unrestricted access of CD2 to the 3 0 -end, but in a catalytically inactive orientation (Fig. 4b) . Consistent with this idea is that the 3 0 -C of the 5 0 -CCC-3 0 motif is almost always deaminated, whereas the 5 0 C is never deaminated [20, 133] . Based on an X-ray structural analysis of CD2 [150] , it was suggested that the 3 0 -C is properly positioned near the catalytic Zn hydroxylation site only when CD2 is facing the 3 0 -C of the 5 0 -CCC motif (Fig. 4b, see legend) .
Processivity of AID and Apo3G
Biochemical studies of AID and Apo3G suggest that both are processive enzymes that can catalyze multiple C ? U reactions on the same ssDNA substrate before dissociation [16] [17] [18] 195] . The first indication that AID acted processively came from results using the in vitro plaque assay discussed earlier, where conditions were set to limit M13mp2 DNA to a single encounter with AID [16] . When DNA from each mutant plaque was sequenced, many individual clones had multiple C ? T mutations. In similar studies using Apo3G, processivity was also observed [176] . Recent studies, measuring AID activity on ssDNA containing multiple target motifs cloned within the gap region of M13 DNA, showed that the number of AID mutations increased linearly with time with a slow average rate of about 1 deamination every 46-63 s for hot spot target motifs [17] . In an assay using linear ssDNA containing two hot spot target motifs, reactions performed under enzyme single hit conditions to measure correlated deamination events, showed processive behavior for both AID and Apo3G (Fig. 4a) [18, 20, 159] . How might processivity be useful in vivo? Apo3G acting on HIV-1 cDNA, presumably while reverse transcription is taking place, can catalyze numerous C ? U deaminations in variable locations. A wide diversity of mutations would reduce the ways in which HIV-1 could mutate itself to Apo3G can bind ssDNA, with equal probability, in active or inactive orientations. In the active orientation, the active domain CD2 (charge = -4.5) is positioned toward the 5 0 -end and CD1 (?11) is facing the 3 0 -end. In the inactive orientation, Apo3G residues responsible for substrate specificity are distant from the 5 0 -CCC target motif and away from zinc ion, thereby precluding catalysis. The inability of the CD2 domain to bind to 30 nt at the 3 0 end in the active orientation results in a ''deamination dead zone'' restore viability. And, as mentioned above, there are mutational gradients present in HIV-1 genome [131] that reflect the biochemical properties of Apo3G, high processivity, and catalytically asymmetry [18, 19] .
In contrast to Apo3G, AID is seemingly tightly constrained to act within a transcription bubble. High processivity could ensure that AID remains physically bound to the bubble throughout the transcription process. We have shown that AID is able to track along with a moving transcription bubble in vitro, resulting in mutations concentrated on the non-transcribed ssDNA [17, 191] . During CSR, multiple mismatches could be occurring in switch regions to serve as foci for introducing dsDNA breaks. In contrast to CSR, multiple mismatches occurring during SHM may be likely to serve as targets for error-free BER or MMR [196] , with one or perhaps a few unrepaired UÁGs responsible for generating IgV and S region mutations. There are in vivo data showing consecutively mutated IgV C and G sites attributed to AID processivity [196] . Ostensibly, one or perhaps a few mutations per cell division allow the selection of those cells making a higher affinity Ab, without accumulating inactivating mutations that would lead to a loss of surface Ig and ultimately to apoptosis [197] . Then, those B cells making higher affinity antibodies would undergo another round of mutation and selection.
Miss and hit targeting when AID and Apo3G act on single-stranded DNA Studies of scanning and catalysis on ssDNA represent ''virgin'' territory. In contrast to dsDNA in solution, which has well-defined B, A, and Z forms and persistence lengths (*150 base pairs) in aqueous solution, ssDNA has no comparable structural properties. Nonetheless, despite the absence of spatially defined forms, it is important to begin to come to grips with the properties of ssDNA because these serve as APOBEC dC deaminase substrates. It could be argued that free ssDNA has little if any biological relevance. AID, for example, acts on transcribed DNA in the cell, and short regions of ssDNA are likely to be tightly constrained within a transcription bubble and by chromatin structure. On the other hand, performing rigorous biochemical studies on the simplest substrates to learn how APOBEC enzymes scan and deaminate unconstrained ssDNA is prerequisite to understanding their mechanisms at the most fundamental level, and will more than likely contribute to a deeper appreciation of how APOBEC-initiated mutational diversity occurs in vivo.
The biochemical mechanisms for dsDNA scanning are well understood. Enzymes that scan dsDNA typically search for rare targets on long stretches of DNA, perhaps one aberrant base in *10 [198, 199] , there are no Apobec-DNA cocrystal structures showing the orientation of a target C motif in relation to the Apobec catalytic Zn ion hydroxylation site to guide us [19, 150] . Diverse deaminations by AID are needed for immunoglobulin maturation or by Apo3G for HIV-1 retroviral inactivation (Apo3G). Both enzymes encounter numerous trinucleotide target motifs, including favored WRC motifs for AID and YCC motifs for Apo3G. The diversity observed would seem to imply that AID and Apo3G targeting is a ''miss and hit'' process, with far stronger emphasis on ''miss''. But what are the deamination efficiencies and how might they be determined?
An analysis of AID scanning and deamination of ssDNA using a one-dimensional random walk model Distributions of AID-catalyzed deaminations have been measured in reporter cassettes composed of arbitrary types of motifs, e.g., two different hot spot motifs arranged in alternating patterns as (AACAGC) n , imbedded in an M13mp2-lacZ reporter assay [17] (described above in the ''Processivity of AID and Apo3G'' subsection). Hundreds of M13 mutant phage clones were sequenced to determine the distributions of C ? T mutations (originating from C ? U deaminations)-a subset of mutant clones is used to illustrate the haphazard behavior of AID (Fig. 5a) . The mutational patterns contain individual mutations (singletons) and mutational clusters (doublets, triplets, etc.). The objective is to deduce a scanning mechanism for AID using a one-dimensional random walk model to simulate the clonal data [17] . The computer-simulated clones were compared with the data based on attaining a best match for the numbers of mutational singletons, doublets, triplets, and so on, for the ensemble of individual clones, and for the distances between mutated motifs.
A deamination efficiency of 1-7 % provided an excellent fit to the data [17] . A model-independent experimental measurement placed an upper bound of 10 % (Fig. 5b) on the efficiency of AID-catalyzed deamination during transcription of dsDNA by T7 RNA polymerase in vitro [17] . The inefficient catalytic action when encountering its favored motifs suggests that AID is just barely an enzyme, which seems ideal for ensuring IgV hypermutational diversity. The ''mechanism'' for 1D scanning involves AID moving in either direction, by sliding or making short hops, with an excursion length determined by a geometric distribution (i.e., the discrete statistical analog of an exponential distribution). This means that AID tends to scan ssDNA in short slides or hops, over an average distance of roughly 30 nt (10 motifs), giving a good fit to the data [17] . The low deamination efficiency ensures that most deaminations are isolated. Clusters of deaminations arise from AID revisiting the same motifs over and over again. An animation depicting a model simulation originally published in [17] is included as Supplemental material.
During transcription of dsDNA, AID binds presumably to the non-transcribed strand within a small (*9 nt) transcription bubble. Deamination clusters (doublets and triplets) are observed during transcription by T7 RNA pol in the presence of AID in vitro [17] . These short clusters could arise from constrained back and forth scanning of AID within stalled transcription bubbles, favoring deamination of closely spaced motifs [17, 200] . The clustered mutations found to occur in Ig V-and S-regions in B cells [196] may reflect the processive action of AID targeted at transcriptional stall sites with V and S. If either the sequence context of the V regions or some epigenetic change were to increase the likelihood of entry or activation of AID in the complementarity determining regions, then locally restricted scanning would enrich for mutations in the parts of the antibody that contact antigen.
Watching as Apo3G scans and deaminates ssDNA in real-time Single-molecule (SM) techniques are in vogue to study protein-DNA interaction dynamics (reviewed in [174, [201] [202] [203] ). Total internal reflectance microscopy (TIRF) smFRET was recently used to visualize Apo3G scanning and catalysis on ssDNA [176] (Fig. 6a) . By placing a fluorescent donor dye at the 5 0 or 3 0 end of ssDNA attached to a microscope slide, with an acceptor dye affixed to Apo3G free in solution and thus able to bind to the DNA, the motion of Apo3G relative to one end of the DNA can be observed by the increase or decrease in Förster (fluorescence) resonance energy transfer as the enzyme moves closer to or further from the labeled DNA end (Fig. 6, Scanning trajectories) . Apo3G scans the entire length of ssDNA in slides or short hops, and also contracts (i.e., bends) ssDNA while scanning [176] , which may serve to reposition the enzyme on ssDNA, perhaps by a longer hopping or intersegmental transfer process [18, 19, 29, 169, 172] . a b Fig. 5 Stochastic AIDcatalyzed deamination. a Diverse AID deamination patterns on individual substrates containing 30 AAC (red dot) and AGC (orange dot) hot deamination motifs. AID deamination at the target motifs is shown as T [17] . The representative clones contain 2-10 mutations, distributed as singletons or clusters (doublets, triplets, etc.). b Random walk model depicting AID scanning and catalyzing inefficient deamination of C to U on ssDNA [17] . AID binds to ssDNA randomly and slides in both direction, while catalyzing C deaminations processively. The sliding/hopping distance is determined by a geometric distribution. A good fit of the model to the data occurs when AID slides/hops for average distance of 10 motifs (30 nt), but only rarely deaminates C to U, at about 3 % efficiency for even ''hottest'' AAC motifs, thus ensuring mutational diversity [17] Bulk solution studies with Apo3G and AID provide deamination spectra and clonal deamination patterns ( [16] [17] [18] 176] ; see, e.g., Fig. 5a ), along with ssDNA binding constants and lifetimes (i.e., dissociation-rates) [19, 20, 176] . The smFRET data provide some of the same information, enabling one to compare bulk with SM protein-DNA interactions. Interaction lifetimes measured in solution showed that Apo3G binds to ssDNA in two modes, half as short binders (\30 s), half as long binders (30 s-10 min) [19, 20, 176] . The SM data showed the same *50:50 distribution of short-and long-binders; for the scanning trajectory shown in Fig. 6b , Apo3G moves back and forth on the DNA while remaining bound C3 min.
An SM analysis can offer surprising and important new insights that cannot be provided by bulk solution measurements. A transition density plot (TDP) extracts the data from individual scanning trajectories (typically 100 or more trajectories) enabling the combined data to be analyzed with a hidden Markov model [204] . The TDP (Fig. 6b, c) contains symmetrical oblong lobes showing that Apo3G moves from high-to-low and low-to-high FRET states with equal probabilities. Although Apo3G favors deamination in a 3 0 ? 5 0 direction [18] [19] [20] 159] ( Fig. 4a) , the enzyme moves equally in both directions, as it must in the absence of an energy source. An unexpected observation is the obvious presence of relatively intense bright spots within the TDP lobes at a FRET value of *0.4, corresponding to the 5 0 location of the CCC hot motif [176] (Fig. 6b, TDP) . These brighter spots arise from a large excess of FRET transitions caused by quasi-localized scanning, i.e., ''hovering'', of Apo3G in the vicinity of the 5 0 hot motif. Notably, hovering is not observed in the absence of a CCC motif (Fig. 6c, TDP) . TDPs reported for 5 0 cold motifs and 3 0 hot motifs showed that hovering occurs with 5 0 hot [5 0 cold [3 0 hot [176] . Thus, the time spent by Apo3G in different locations on the DNA corresponds to the polarity favoring deamination toward the 5 0 -direction, with the polarity ''strength'' able to override the hot over cold motif preference. Apo3G-catalyzed deaminations can be detected by including Cy5-labeled Pfu DNA polymerase in the reaction in the presence of unlabeled Apo3G. Pfu pol has the remarkably useful property of binding avidly and selectively to U on ssDNA [205, 206] . Therefore, upon Apo3G-catalyzed C ? U deamination, Pfu pol binds rapidly to U and FRETs with Cy3-labeled ssDNA. The SM data show that Movements toward the 5 0 -and 3 0 -ends appear as peaks above and below the diagonal, respectively. The transitions are symmetric in both directions, indicating that Apo3G scans ssDNA without directional preference. The presence of bright yellow spots in the TDP plot for the pdT 5 0 hot motif, but not for pdT, arise from a large excess of FRET transitions caused by quasi-localized scanning, i.e., ''hovering'', of Apo3G in the vicinity of the 5 0 hot motif [176] AID [176] , in accord with the asymmetric binding model (Fig. 4b) .
Glancing ahead
AID functions in conjunction with proteins involved in MMR, BER, and perhaps most importantly factors participating in transcription. Steady progress has been made in identifying proteins needed by AID to perform its programmed roles in antibody diversity, the deamination of C ? U in Ig V-and S-regions that initiate SHM and CSR [16, [35] [36] [37] [38] [39] [40] . Recent efforts have focused on an important non-programmed property of AID, its unfortunate ability to deaminate C at many non-Ig genetic loci, resulting in human disease. To investigate the regulation and targeting of programmed and non-programmed AID-protein interactions will likely require some type of cell-free human or mouse RNA pol II transcription assay.
Although the T7 RNA pol transcription model was useful in showing that AID is biochemically active on a moving transcription bubble [16, 37, 40, 200] , it is probably unlikely to be effective in studying AID targeting. If luck would have it, and AID were to act principally at transcription stall sites in vivo, then maybe a biochemical model using a transcription bubble substrate might suffice for some ''simple'' studies using human RNA Pol II and Spt5, associated with a stalled Pol II, but surely not for studies on proteins that differentially target AID to Ig and non-Ig actively transcribed regions, or for proteins that may prevent AID from binding to actively transcribed Ig constant regions. But it is important to keep in mind an even more immediate roadblock: active AID itself is difficult to isolate in high purity and yield. Not only that, but AID can exist as monomers, dimers, and perhaps larger oligomers in solution [167, 168] , and while AID is thought to function as a dimer in vivo [168] , it is just not clear what AID is structurally. What seems clear, however, is that the integrity of every region of AID is required for its biological function. A total of 23 missense mutants have been identified in hyper IgM-2 syndrome, and although this is an exceedingly rare human disease, these single amino acid changes span virtually the entire AID gene, each having a marked biological consequence [22, 34, 103] .
The APOBEC family of proteins contains 11 members, and here we have focused on AID and Apo3G, which have received the most biological and biochemical attention. These two dC deaminases offer a study in contrasts and similarities. AID and Apo3G bind to ssDNA for a remarkably long time, remaining bound often for several minutes during which multiple deaminations occur [16] [17] [18] 176] . The ability to perform multiple deaminations makes sense for Apo3G by providing an effective way to inactivate HIV-1, or to prevent retroviral transposition. Stable binding and high processivity would also be useful for AID, by keeping it bound to a moving transcription bubble or to cause multiple mutations within a stalled bubble. Multiple deaminations could serve as foci for doublestrand breaks in Ig switch regions during CSR, but a potential role for multiple deaminations during SHM is not evident because hypermutating B cells typically accumulate just one or at most a few new IgV mutations during a single cell division in vivo [196] .
A crystal structure for AID or for a two-domain Apo3G would be a ''holy grail'', and a co-crystal containing an ssDNA substrate an even holier grail. What we have instead is a crystal structure of Apo2, a ''Monty Python'' holy grail. Based on its basic structural features, including a zinc hydroxylation site, Apo2 should be functional catalytically, but it is not, having no measurable C deamination activity on DNA or RNA. Even so, Apo2 shares strong homology with AID and Apo3G. By serving as a surrogate for AID and Apo3G, until now Apo2 has played a pivotal role in relating structure to biochemical function. Mutations made in AID and Apo3G, based on the ''equivalent'' sites in Apo2, have allowed one to make accurate predictions about biochemical activity and protein structure. The structural predictions may in the future lead to a breakthrough strategy to obtain crystals for both proteins, but especially for Apo3G. Full-length Apo3G is obtained in high yield when expressed in insect cells and has been purified to apparent homogeneity with excellent recovery [18] [19] [20] . The problem is that native Apo3G is present in aqueous solution as an equilibrium mix of monomers, dimers, and large oligomers, not an ideal way to try to grow crystals [20] . However, one can obtain a homogeneous, catalytically active Apo3G monomer by mutating Apo3G amino acid residues corresponding to the dimer and tetramer interfaces predicted from the Apo2 structure [19] . Whether or not an Apo2 surrogate strategy will lead to an Apo3G monomer mutant crystal structure in the near-term is anyone's guess, but it is surely a way forward.
As a ''purely intellectual'' exercise, an investigation of enzymes that scan ssDNA is new. The use of laser-based single-molecule microscopy may prove especially valuable since it is possible to watch as the enzymes move along the DNA, no longer a novelty for dsDNA scanning enzymes, but as of now a novelty for ssDNA scanning. An ssDNA scanning experiment with Apo3G provided the unexpected mechanistic finding that enzyme hovering occurs proximal to a deamination motif, dependent on the motif sequence and location [176] . This type of quasi-localized scanning motion could only have been obtained at single-molecule resolution. Although back-and-forth scanning along the ssDNA is readily observed, the current resolution times (*30 ms) are too ''slow'' to distinguish between continuous sliding and short hopping movements, but that is soon likely to change.
As another intellectual exercise, a recent one-dimensional random walk model to analyze clonal deamination data for individual and clustered deaminations enables one to derive scanning distances and deamination efficiencies for AID [17] . Scanning distances predicted by the model can be either verified or disproved using single-molecule microscopy, which joins the theoretical modeling to the single-molecule microscopy. But of course, these are not solely interesting intellectual exercises but do have biological meaning. The stochastic modeling of the deamination patterns provide pretty solid evidence that AID is an extremely poor catalyst-when encountering a favored hot motif it catalyzes C deamination less than 1 out of 10 times. That has profound biological significance because deamination inefficiency breeds mutational variety, a hallmark of antibody diversity.
We conclude by mentioning an entirely new biological role for AID in DNA demethylation. DNA demethylation in mammals occurs after fertilization in preimplantation embryos and during development of primordial germ cells (PGCs) [207, 208] . The loss of methylated C ( me C) can either occur by a passive mechanism, when DNA is replicated in the absence of maintenance by methyltransferases, or by an active mechanism that culminates in the removal of me C in the absence of replication [207, 208] . Biochemical studies showed that, beyond its mutagenic role at unmethylated Cs, AID could also deaminate me C ? T [194, 209, 210] , and studies in zebrafish embryos showed that AIDdependent demethylation could occur in exogenous and endogenous me C [211] . The observation that AID is located in the genome close to pluripotency genes, such as NANOG, reinforced the idea that it might be involved in early development [209] . Although AID-deficient mice and humans have no obvious developmental defects, and they can give rise to apparently normal offspring [7, 34] , changes in litter size and abnormal demethylation of germ cells suggest an epigenetic role for AID during the first stages of development [212] . Demethylation of the promoters of OCT4 and NANOG during reprogramming of differentiated cells towards pluripotency requires AID [213] , and it has been postulated that AID's epigenetic role might play a deleterious role during tumorigenesis [214] . Thus, as expanded roles for AID in normal and malignant cells are discovered, it becomes even more important to understand how it works biochemically and to reconstitute these processes in vitro. 
